Cancers of diverse origins exhibit marked glucose avidity and high rates of aerobic glycolysis. Increased understanding of this dysfunctional metabolism known as the Warburg effect has led to an interest in targeting it for cancer therapy. One promising strategy for such targeting is glycoconjugation, the linking of a drug to glucose or another sugar. This review summarizes the most salient examples of glycoconjugates, in which known cytotoxins or targeted anticancer therapeutics have been linked to glucose (or another glucose transporter substrate sugar) for improved cancer targeting and selectivity. Building on these examples, this review also provides a series of guidelines for the design and mechanistic evaluation of future glycoconjugates.
Introduction
Almost a century ago, the German scientist Otto Warburg observed that cancerous tissues consume large amounts of glucose compared to non-transformed tissue and have high rates of aerobic glycolysis [1, 2] . Today this phenomenon is known as the Warburg effect and is recognized as one of the hallmarks of cancer [3] . Glycolytic enzymes, as well as the insulinindependent glucose transporter GLUT-1, are widely overexpressed in human cancers [4, 5] , and high expression levels of these proteins in tumor biopsy samples correlate with poor cancer prognosis, making them attractive therapeutic targets [6] [7] [8] [9] .
Targeting the Warburg effect as an anticancer strategy has garnered a great deal of interest in recent years. Most efforts have focused on using small molecules to inhibit the function of metabolic enzymes, as comprehensively reviewed elsewhere [10, 11] . This review focuses on the current progress and future directions of exploiting the Warburg effect by using glycoconjugation to selectively target anticancer therapeutics to cancer cells. This strategy was inspired by the widespread clinical use of 2-deoxy-2-( 18 F)fluoro-D-glucose ( 18 F-FDG; Figure 1a ), a radiolabeled glucose analog. 18 F-FDG has been used to visualize tumors and their metastases due to the tendency of these cancerous tissues to take up glucose at a higher rate than most normal tissues (as shown in Figure 1b & 1c) [12, 13] . The synthesis and evaluation of sugar-conjugated anticancer drugs was first reported in the literature in 1995, and this field has grown markedly in recent years, with the first-in-class conjugate glufosfamide in advanced clinical trials and many others in development.
Precedent for anticancer drug conjugates: antibody-drug conjugates and folate-drug conjugates
Conjugation of anticancer agents to molecules that allow for preferential delivery to cancer cells is well-precedented with several conjugates having clinical efficacy. One approach involves conjugating an established drug to an antibody targeting a specific tumor marker. Adcertis (brentuximab vedotin; Figure 2a ) received US Food and Drug Administration (FDA) approval in August 2011, and European Union approval in October 2012, for the treatment of anaplastic large cell lymphoma and Hodgkin lymphoma. Adcertis is thought to enter cancer cells via CD30 receptor-mediated endocytosis and subsequently be trafficked to endosomes, where a combination of degradative enzymes and increased acidity lead to cleavage to the active tubulin inhibitor [14] . Another antibody-drug conjugate, Kadcyla (trastuzumab emtansine; Figure 2b ), received US FDA approval in February 2013 for the treatment of HER2-positive breast cancer following the EMILIA clinical trial [15] . While these conjugates have substantial clinical promise, major drawbacks do exist, including the logistical and economic challenges associated with biologics as therapeutics.
A second, well-precedented approach to drug conjugation for improved cancer selectivity and uptake is folate conjugation. Cancer cells prefer de novo nucleotide synthesis over the salvage pathway that is often favored by normal tissues [16] . This preference of cancer cells means that they must take up large amounts of folate, a cofactor needed in this process. For this reason, folate receptor (FR-) is overexpressed in an estimated 40% of human cancers (it is expressed only by certain types of epithelial cells in healthy individuals) [17, 18] . This overexpression makes FR-an excellent drug target. The most clinically-advanced folateconjugated drug to date is EC-145 (Figure 2c ), which is currently in phase III trials (in combination with the established pharmaceutical Doxil) against ovarian cancer in the US. The peptide linker of EC-145 is expected to be cleaved by cellular cathepsins, releasing the cytotoxin intracellularly [19] . Another folate-conjugated drug in development is EC-0225 (Figure 2d . Both the disulfide and peptide bonds are expected to be cleaved in intracellular endosomal compartments [20] .
Current progress in glucose conjugation as an anticancer strategy (a) Prevalence of GLUT-1 overexpression in cancer
For glycoconjugation to be effective as a targeted anticancer strategy, glucose transporters must be overexpressed in cancer compared to normal tissues. Similar to FRoverexpression in cancer, GLUT-1 has been demonstrated to be overexpressed in a large percentage of cancers from various tissues of origin (Table 1 , see also a comprehensive review by Medina [5] ).
A second metric to determine which types of cancers would be good candidates for glycoconjugate targeting is to examine which cancers are clinically staged using 18 F-FDG PET imaging, summarized in a recent review by Bensinger and Christofk [30] . Currently, lung, breast, colorectal, and endometrial carcinomas, as well as bone and soft tissue sarcomas and Hodgkin's and non-Hodgkin's lymphomas, are commonly staged based on their ability to preferentially uptake this radiolabeled glucose analog compared to noncancerous tissues.
(b) Early efforts in evaluating sugar-conjugated drugs
Monosaccharide-conjugated analogs of diverse agents, designed to improve upon the water solubility, serum stability, and targeting of their aglycones, have been reported in the chemical literature since the early 1990s. In 1991, several glycopeptide analogs of the antihypertensive peptide renin, including a mannose and a 2-(acetylamino)-2-deoxyglucose linked to renin via a C1 amide, were shown to have increased serum half-life compared to their aglycones [31] . The synthesis of glucose and mannose phosphotriester conjugates of the anti-retroviral nucleotide analog 3 -azido-3 -deoxythymidine (AZT) was also reported in 1991 [32] ; these derivatives were shown to have comparable antiviral efficacy and enhanced targeting to the central nervous system (presumably via GLUT transporters) than their aglycones [32, 33] . However, none of these conjugates were explicitly queried as anticancer agents.
(c) The trailblazer for glycoconjugated anticancer agents: glufosfamide Glufosfamide (Figure 3) , initially reported by Wiessler and colleagues in 1995 [34] , was the first sugar conjugate to be explicitly designed and evaluated as a cancer-targeting cytotoxic compound. Glufosfamide was developed to decrease the toxicity and increase the cancer selectivity of its aglycone, the DNA alkylating agent ifosfamide mustard. The potency of glufosfamide was comparable to that of its aglycone in cell culture. However, glufosfamide's anticancer potency was markedly reduced upon co-treatment with 0.1 M of the GLUT-1 transporter inhibitors phloretin and phlorizin, suggesting that the entry of glufosfamide into cells was at least partially GLUT receptor-mediated. Finally, glufosfamide matched the efficacy of its aglycone in increasing the length of survival of mice in two aggressive tumor models [34] .
When glufosfamide and ifosfamide were administered intravenously in mice and rats, glufosfamide was found to have a 4.5-fold greater LD 50 value (was 4.5-fold less toxic) than its aglycone in rats (in mg/kg), and a 2.3-fold greater LD 50 value than its aglycone in mice (in mg/kg) [34] .
A pharmacokinetic and whole-body distribution study of glufosfamide in rats, published by Wiessler and colleagues in 1996, revealed that the drug had a short plasma half-life (32 minutes) with largely renal excretion [35] . Glufosfamide is a prodrug, requiring cleavage of glucose via spontaneous hydrolysis or glycosidase activity [36] to liberate the active drug. In this study, roughly 64% of total administered radiolabeled glufosfamide was excreted intact within 24 hours, while approximately 18% was excreted as either the liberated ifosfamide or two uncharacterized metabolites. When healthy rats were treated with radiolabeled glufosfamide, it was distributed among many of the tissues which rely on insulinindependent glucose transporters including the liver, kidneys, thyroid gland, thymus, and central nervous system. Treatment with glufosfamide generally did not lead to toxicity in healthy tissues including the liver, kidneys, and brain. Although a small degree of bone marrow toxicity was observed, it was less substantial than the bone marrow toxicity induced by the aglycone. Encouragingly, radiolabeled glufosfamide was shown to localize to the site of a tumor in rats with prostate cancer, with labeled drug remaining at the site of the tumor for at least 24 hours [35] , suggesting that it may be selectively taken up and retained by cancerous cells.
The first human clinical trial on glufosfamide in Europe was initiated in 1997 by Briasoulis and coworkers, with results reported in 2000 [37] . This trial examined 20 patients with solid tumors of various origins treated intravenously with glufosfamide in 0.9% NaCl solution for 6 hours, with patients receiving between two and eight courses of glufosfamide 3 weeks apart. Through this trial, the human maximum tolerated dose (MTD) of glufosfamide was established at 6000 mg/m 2, , or approximately 190 mg/kg. This dose resulted in reversible renal tubular acidosis in 2/6 patients [37] , presumably due to toxic ifosfamide metabolites generated during renal processing of the drug [38] . Similar toxicity is observed for the aglycone, ifosfamide. While Briasoulis and coworkers did not include ifosfamide in their study, ifosfamide's MTD has been reported as 17000 mg/m 2 , or approximately 530 mg/kg, when co-administered over 5 days with the adjuvant mesna to counteract renal adverse effects [39] . The plasma concentration of glufosfamide in patients peaked around 420 M around 10 hours after intravenous administration of the 6000 mg/m 2 dose (compared to approximately 500 M several hours after intravenous infusion of 1000 mg/kg ifosfamide in a separate study [40] ), and the median plasma half-life of glufosfamide was 2.3 hours, with only 34% of the total drug administered being excreted via the kidneys [37] . Eight patients showed tumor progression, 10 showed stable disease, and 2 showed objective response to treatment, with one pancreatic cancer patient experiencing complete remission for over 4 years [37] .
Human clinical trials of glufosfamide have continued over the past decade, often accompanied with hydration in an attempt to counteract adverse renal effects. Encouraged by the complete remission of one pancreatic cancer patient in the initial trial [37] , and bolstered by the observation that pancreatic cancer biopsy samples from a patients were found to overexpress GLUT-1 [41] , several trials have examined the efficacy of glufosfamide against pancreatic tumors. Modest response was seen with glufosfamide alone in one phase II trial (2/35 patients with partial response, 11/35 with stable disease, 18/35 with disease progression) [42] . Combination of glufosfamide with the nucleoside analog gemcitabine -a standard-of-care chemotherapeutic in pancreatic cancer -yielded modest response in two trials on pancreatic adenocarcinoma patients [43, 44] , with 4/29 patients treated with 4500 mg/m 2 (approximately 140 mg/kg) glufosfamide experiencing nonreversible renal failure, 29/29 patients experiencing anemia, 27/29 patients experiencing thrombocytopenia, and 26/29 patients experiencing neutropenia in one study [43] . In a best supportive care phase III trial in terminal pancreatic cancer patients who had experienced disease progression in spite of gemcitabine treatment, treatment with 4500 mg/m 2 glufosfamide plus best supportive care (analgesics, antibiotics, and other agents with no anti-tumor effects) led to an 18% increase in survival (a median of 105 days versus 84 days in the best supportive care only arm), which was not statistically significant [45] .
European glufosfamide clinical trials in patients with glioblastoma multiforme [46] and nonsmall cell lung carcinoma [47] have shown glufosfamide to have very modest, if any, efficacy. In the glioblastoma study, researchers did not comment as to whether glufosfamide crossed the blood-brain barrier, although no adverse neurological effects in any of the 31 patients were observed following an intravenous infusion of 1000 mL of a 5000 mg/m 2 (approximately 156 mg/kg) glufosfamide solution over the course of 60 minutes [46] . In the absence of both glufosfamide efficacy and neurological effects in this study, it is plausible that the glufosfamide administered was not blood-brain permeable.
The results of one phase I Japanese glufosfamide clinical trial in 13 patients with various solid tumors showed some promise (1/13 patients showed partial response, and 8/13 patients showed disease stabilization), [48] and phase II trials are ongoing. In the United States, 8 clinical trials of glufosfamide in various disease models (pancreatic, ovarian, and lung cancers; glioblastoma multiforme; soft tissue sarcoma) have been registered, with 6 completed and 2 terminated.
While clinical evaluation of glufosfamide is ongoing, its ultimate success may depend on whether administration methods can be devised to allow for delivery of effective therapeutic doses of glufosfamide without dose-limiting renal or hematological toxicity. It seems plausible that the renal adverse effects may be at least partly due to toxic metabolites of ifosfamide generated during renal metabolism [34] , but the anemia observed may stem from the fact that erythrocytes express high levels of GLUT-1 [49, 50] . Clinical testing of future glucose conjugated drugs should be cognizant of this potential hemolytic phenotype.
(d) The molecular tools: glucose-conjugated paclitaxel, and other glycoconjugated taxoids
In 2001, Mikuni, Mandai, and coworkers reported the synthesis and cancer cell potency of several glycoconjugates of docetaxel, including conjugates with glucose, galactose, mannose, and xylose. These compounds were shown to have a 3-to 18-fold improvement in activity compared to the aglycone against B16 murine melanoma cells in culture [52] , but neither mechanistic nor in vivo data was not reported. A 2008 follow-up publication highlighted the in vivo potency of galactose-conjugated docetaxel ( Figure 4a ) in a syngeneic P388 murine leukemia tumor model compared to the aglycone [51] , but did not characterize the mode of entry or potential cleavage products of the conjugate. Further data validating the mechanism of cellular entry and in vivo pharmacokinetics of these glycoconjugates has not been reported.
In 2007 and 2008, Chen and coworkers reported the synthesis and cell culture evaluation of several glucose-and glucuronic acid-conjugates of paclitaxel [54] [53] . These key studies provided much mechanistic insight into how future glucose-conjugated drugs might be assessed. These glycoconjugates, were designed to improve upon the poor water solubility of paclitaxel, as well as to target it to cancer versus normal cells. Figure 4b depicts the most promising compound reported by Chen and coworkers -2-D-glucose conjugated paclitaxel -which is comprised of 1-methylglucose conjugated to paclitaxel at position 2 using a short linker. Position 2 of paclitaxel is crucial for the drug's interaction with microtubules [55] , so this compound is presumed to be a prodrug that required activation in cells (in vitro assays to assess whether glycoconjugates were able to modulate tubulin polymerization were not reported). However, in vitro incubation for up to 24 hours of 2-D-glucose-conjugated paclitaxel with cell culture media and fetal bovine serum, which contains endogenousglucuronidase, failed to show cleavage of the glucose conjugate to the parent aglycone. Potential colocalization of glucose-paclitaxel with tubulin in cells was further assessed by appending a chromophore, m-aminobenzoic acid, to position 7 of paclitaxel on the glucoseester conjugate (Figure 6a ). Unlike the established unfavorability of substitution at position C2' for microtubule interaction, substitution at position 7 is not known to interfere with paclitaxel's interaction with microtubules [55] . Thus, Chen and coworkers used this compound to study whether the glucose substitution at C2' would impede the compound from colocalizing with tubulin. Confocal microscopy studies examining tubulin distribution and compound fluorescence indicated that there was some convergence of tubulin and compound localization (Figure 6b ). Additionally, it was found that this colocalization could be inhibited by co-treatment with the GLUT transport inhibitor phloretin, suggesting that translocation into the cells is at least partially GLUT transporter mediated [53] . However, it was not determined whether glucose was cleaved off prior to tubulin localization in cells.
Consistent with the microscopy study, it was found that the potency of several glycoconjugated paclitaxel compounds, assessed upon 72 hour treatment in seven immortalized cancer cell lines and two immortalized non-cancerous cell lines, was at least 5 times less than paclitaxel in both cancer and normal cell lines. The conjugate depicted in Figure 4b was the most potent of the all glycoconjugates tested [53, 54] . While no in vivo or further cell-based studies on these paclitaxel glycoconjugates have been reported to date, these initial studies highlight the need for cell-based mechanistic studies to validate future glycoconjugates before proceeding with in vivo studies.
(e) Sugar and mustard: monosaccharide-conjugated chlorambucil and other alkylator sugar conjugates
Perhaps inspired by the success of the glucose-conjugated DNA alkylator glufosfamide, several groups have reported the synthesis and preliminary evaluation of glycoconjugated analogs of other DNA alkylators, including chlorambucil (a commonly used agent for the treatment of chronic lymphocytic leukemia) and busulfan (a commonly used agent for the treatment of chronic myeloid leukemia). In 1996, Scherman and coworkers reported the synthesis of a series of glucose conjugates linked directly to chlorambucil via a C6 ester or amide bond. All compounds were able to competitively inhibit the uptake of radiolabeled glucose by GLUT-1 receptors in human erythrocytes in a dose-dependent manner. One ester-linked compound in the series, 6-D-glucose-conjugated chlorambucil (Figure 7a ), was found to be 150-fold more active in inhibiting the entry of radiolabeled glucose than the native substrate, D-glucose [56] .
In a related 1997 study, seeking to make glucose-based analogs of the DNA alkylator busulfan, Scherman and coworkers synthesized and assessed a series of mono-and dimesylated glucose conjugates, with mesyl groups appended via a sulfonate to glucose at either C3, C4, C6, or a combination of the two. Several conjugates had comparable IC 50 values to glucose in inhibiting the cellular uptake of radiolabeled glucose in human erythrocytes, suggesting they were substrates for GLUT-1 transporters. 6-D-glucoseconjugated methane sulfonate (Figure 7b ) was only 3-fold less efficient at inhibiting radiolabeled glucose uptake than D-glucose [57] , marking it as a candidate for future study.
In 2008, Weber and coworkers reported the synthesis and preliminary biological assessment of fluorodeoxyglucose-conjugated derivatives of chlorambucil [58] , with preliminary in vivo results reported in 2011 [59] . Intriguingly, among the most promising fluorodeoxyglucose conjugates evaluated was a peracetylated glycoconjugate: peracetylated 2-fluorodeoxyglucose conjugated to chlorambucil via a C1 urea linkage; Figure 7c ). This glycoconjugate proved to be more cytotoxic than its unacetylated sugar analog, and also showed enhanced cytotoxicity compared to unconjugated chlorambucil in a panel of normal and human cell lines, with up to a 25-fold enhancement in cytotoxicity compared to chlorambucil in human fibroblasts and MCF-7 human breast ductal carcinoma cells. In addition, peracetylated 2-fluorodeoxyglucose-conjugated chlorambucil was shown to demonstrate intracellular ROS production in L929 murine cells at 25 M [58] , suggestive of inducing DNA damage.
In mice, peracetylated 2-fluorodeoxyglucose-conjugated chlorambucil was shown to have a 6-fold increase in MTD on a mg/kg scale, or a 3-fold increase on a molar scale, compared to chlorambucil (90 mg/kg vs.15 mg/kg). This glycoconjugate was also shown to have efficacy in two different syngeneic mouse models of solid tumors at the 90 mg/kg dosage, while the parent compound chlorambucil was only modestly effective in one trial and ineffective in the second [59] .
While peracetylted 2-fluorodeoxyglucose-conjugated chlorambucil was designed to have tumor-selective targeting, no experiments were reported indicating whether it is taken up through glucose transporters, cleaved intracellularly to liberate chlorambucil, or able to alkylate DNA in uncleaved form.
In a 2010 report, Goff and Thorson created a 63-member library of neoglycoside conjugates of chlorambucil, using a variety of amino-substituted monosaccharides common (glucose, mannose) and uncommon (galactose, xylose, gulose, lyxose) in mammalian metabolism. All library compounds were assessed for their ability to induce a decrease in growth proliferation in a panel of immortalized human cancer cell lines. The most promising compound in this assay was D-threoside conjugated to chlorambucil via a methoxyamine linker (Figure 7d ), which reduced cell growth 8-fold compared to chlorambucil [60] . Neither the method of cellular uptake of these chlorambucil neoglycoside conjugates, nor the assessment of cleavage to the free alkylator or alkylating activity of the conjugate, was explored in this study. (Figure 8a ) was shown to require only 2-4-fold higher concentrations than its aglycone, O 6 -(4-bromothenyl)-guanine, to attain the same inhibitory potential both in vitro and in cells. Furthermore, this glycoconjugate was shown to have enhanced growth inhibitory potential compared to its aglycone, although it was not cytotoxic at the concentrations required to ablate MGMT activity. Another glucose conjugate of this class was shown to be stable in cell culture media and pH 7.4 buffer for several days [62] , although stability in serum or cell lysate was not reported. Experiments querying whether this glycoconjugate entered cells via GLUT transporters were not reported.
The synthesis and preliminary biological evaluation of a series of glucose-azomycin adducts were recently reported in 2012 by Kumar and coworkers [63] . 2-nitroimidazole compounds have been studied in clinical trials as radiosensitizers. However, these trials failed because the compounds were found to have dose-limiting toxicities at concentrations lower than their therapeutic doses [64] . Kumar and coworkers attempted to overcome this toxicity via glucose-conjugates designed to have improved cancer cell selectivity. Compounds in this series were reported to have low millimolar cytotoxicity in a panel of immortalized murine and human cancer cell lines and to be modestly effective radiosensitizers. To assess whether the uptake of these glucose conjugates was partially GLUT receptor-mediated, glycoconjugates were tested at concentrations ranging from 100 M to 10 mM for the ability to compete with 14 C glucose uptake in Xenopus oocytes, which express GLUT-1. The compound depicted in Figure 8b , a diastereomeric mixture of and glucose conjugated at the 6 position to 3-carbon linker, off of which emerges a fluorine diagnostic arm and azomycin, was shown to be the strongest competitor for glucose uptake [63] , suggesting that its cellular transport is at least partially GLUT-1 mediated. In vivo studies using glucoconjugated azomycins were not reported.
Vecchio, Viale, and coworkers reported in 2012 the synthesis and cell culture evaluation of glucose conjugates of a class of metal-binding compounds, the 8-hydroxyquinolines [65] . The 8-hydroxyquinolones, most notably clioquinol (5-chloro-7-iodo-8-hydroxyquinolone), have shown promise in early stage clinical trials as anticancer agents due to their scavenging of copper(II), a necessary co-factor in tumor growth [66] . 1-O-glucose conjugates of both clioquinol (GluCQ) (Figure 8c ) and another 8-hydroxyquinolone, 8-quinolnyl (GluOHQ) (Figure 8d) , were synthesized to improve targeting of these compounds to tumor cells. The 8-hydroxyquinolone glucose conjugates are prodrugs, unable to efficiently complex with metal ions, such that intracellular cleavage to free the quinolone moiety is necessary for activity. Both glucose conjugates were shown to be substantially cleaved by an almondglucosidase within a one hour incubation period; however, cleavage was not assessed in mammalian cells. When the antiproliferative ability of the glucose conjugates and their parent aglycones was assessed, the glucose conjugates were found to be less potent than the aglycones [65] , perhaps due to insufficient cleavage of prodrugs to their aglycones in cells.
Thorson and coworkers reported in 2011 the synthesis of a library of 38 glycosylated conjugates of the anticoagulant drug warfarin. Like in Thorson's earlier exploration of neoglycoside-conjugated chlorambucil [60] , sugars selected for conjugation ranged from native mammalian metabolites such as glucose to unnatural sugars such as lyxose and xylose. While most sugar conjugates lost their ability to prevent blood coagulation, some did show cytotoxicity in cancer cells, especially the amino-substituted D-and L-xylosides and lyxosides (D-lyxose-conjugated warfarin, which showed the most anticancer potency, is depicted in Figure 8e ) [67] . In a 2012 report, Goff and Thorson also prepared and evaluated neoglycoside conjugates of the alkaloid cyclopamine, which induces teratogenesis during embryonic development in many species. All neoglycoside conjugates synthesized were shown to have increased growth proliferation inhibition compared to their aglycone in NCI-H460 lung cancer cells, with D-threoside-conjugated cylopamine (Figure 8f ) among the most potent of the set [68] . However, none of the glycoconjugated cyclopamine analogs were assessed for their mutagenic potential or ability to enter cells via GLUT transporters.
A 2013 report by Gu and coworkers presented the synthesis and cell culture and in vivo evaluation of a 2-amino-2-deoxyglucose conjugate of the topoisomeriase II inhibitor adriamycin (doxorubicin), linked using a succinic acid spacer (Figure 8g ) [69] . This adriamycin glycoconjugate was designed to enhance the selectivity of adriamycin to cancer cells, and thus to counteract the dose-limiting toxicity of adriamycin treatment on healthy tissues (notably the heart, liver, and kidneys) [69] . In cell culture, 2-amino-2-deoxyglucoseconjugated adriamycin was found to have similar potency to its aglycone adriamycin against immortalized cancer cell lines, but the while adriamycin showed substantial toxicity to human embryonic lung fibroblast (HELF) cells at low nanomolar concentrations after 48 hours, 2-amino-2-deoxyglucose-conjugated adriamycin was not toxic to HELF cells at up to 50 nM for 48 hours [69] , though the toxicity of higher concentrations of the glycoconjugate were not tested. The intrinsic fluorescence of adriamycin was used to monitor the uptake of 2-amino-2-deoxyglucose-conjugated adriamycin in cells by confocal microscopy. Using this technique, the entry of the glycoconjugate into HepG2 human liver carcinoma cells was shown to be substantially blocked by pretreatment of cells with high concentrations (25 or 50 mM) of 2-deoxyglucose [69] , suggesting that the glycoconjugate's cellular uptake was at least partially GLUT-mediated. A xenograft study examining the efficacy of adriamycin (6 mg/kg) versus 2-amino-2-deoxyglucose-conjugated adriamycin (6 mg/kg) versus saline control in nude mice bearing SKOV3 human ovarian carcinoma tumors demonstrated that both adriamycin and its glycoconjugate had similar efficacy in reducing tumor volume. Post-study histological examination of heart and kidney tissues from mice in all three treatment groups indicated that adriamycin-treated mice showed heart and kidney damage, while the heart and kidney sections of the 2-amino-2-deoxyglucose-conjugated adriamycin treated mice did not show overt damage and resembled the saline control [69] , suggesting that the glycoconjugate may display enhanced tumor targeting or less toxicity to normal tissues. One drawback to this study is that while Gu and coworkers postulated that 2-amino-2-deoxyglucose-conjugated adriamycin was a prodrug [69] , data querying the cleavage of the glycoconjugate in cells, in liver microsomes, or in vivo (pharmacokinetics) was not reported.
Additionally, no data was reported on whether the glycoconjugate retained adriamycin's ability to inhibit topoisomerase II in vitro or in cells.
Several other glucose or other monosaccharide-conjugated anticancer drugs have been reported but are still pending mechanistic evaluation. These include glucose, lactose, and galactose conjugates of the heat shock protein 90 inhibitor geldanamycin [70] , glucose conjugates of the natural product cadalene [71] , glycoconjugates of the DNA alkylator duocarmycin SA [72, 73] , and glucose conjugates of the lipoxygenase inhibitor nordihydroguaiaretic acid [74] .
Mechanistic considerations for the design and study of future glycoconjugates
For glucose-conjugated anticancer compounds to reach their full potential, several lingering issues must be addressed, and this would be aided by the development of various molecular tools.
(a) Which positions of glucose can be substituted?
In order to selectively target cancer cells, glycoconjugates should be substrates for the insulin-independent glucose transporter GLUT-1, which is overexpressed in a wide variety of solid tumors [6, 26, [75] [76] [77] [78] . GLUT-1 is a passive, bidirectional glucose uniporter comprised of 12 transmembrane helical domains, 8 of which are assembled in a circular fashion from an exofacial (extracellular top-down) view.
The ability of substituted glucose analogues to be substrates for GLUT-1 has been investigated; a summary of findings is presented in Figure 9 . Kinetic and computational modeling studies using glucose analogs suggest that the hydroxyl groups at positions 1 and 3, and the pyran oxygen 5 in glucose's closed conformation, are involved in stabilizing hydrogen bonding interactions with amino acid residues within the transporter [79, 80] . Loss of hydrogen bond acceptors at these positions makes glucose analogs poor substrates for GLUT-1: both 1-deoxy-D-glucose and 3-deoxy-D-glucose, which have altered ring conformations, have been determined to have K i values roughly 10-fold higher than Dglucose in competition assays in GLUT-1 transporters from human erythrocytes [79] . However, substitution of fluorine for the hydroxyl groups at position 1 (in the conformation, in which the fluorine is in the equatorial position in the chair form) or position 3 yields K i values comparable to glucose, which is not surprising given that fluorine has similar dipole properties to oxygen and is unlikely to change glucose's preferred ring conformation. Interestingly, substitution of fluorine at position 1 in the conformation results in a poor GLUT-1 substrate [79] , suggesting that the conformation is preferred for GLUT-1 transport. However, 2-D-glucose-conjugated paclitaxel (Figure 4b) contains glucose in the conformation, and this compound was demonstrated to be partially inhibited from entering cells upon treatment with GLUT-1 transporter inhibitor phloretin [53] . Substitutions of C1 oxygen for C1 nitrogen have also been reported in FDG analogs; these analogs have been shown to compete with D-glucose for cellular entry, suggesting their uptake is GLUT-mediated [81] .
Compounds with bulky substituents at C3, including 3-O-allyl-D-glucose and 3-O-(2 ,3 -epoxypropyl)-D-glucose, appear to still be substrates for GLUT-1 [79] , suggesting that this position may tolerate substitution well. In glucose's most thermodynamically stable conformation, the closed chair form, C5 does not contain a hydroxyl substituent, and thus any glycoconjugate candidates substituted at C5 may not assume the chair configuration that is recognized by GLUT receptors.
Thus, these data suggest that for glucose conjugates to remain substrates for GLUT-1, compounds with hydrogen bond acceptors such as nitrogen or oxygen must be retained proximal to carbons 1 and 3, and substitutions at the 1 position may retain higher affinity for GLUT-1 if they are present in an equatorial conformation.
A large fraction of known glucose conjugates discussed in this review are conjugated to the anticancer agent at position 1, with the C1 oxygen intact and locked into equatorial ( ) position. This review has described three such classes of glycoconjugates linked at glucose's C1 position: glufosfamide (Figure 3) , peracetylated 2-fluorodeoxyglucose-conjugated chlorambucil (Figure 7c) , and glucose-conjugated cliquinol and quinolynl (Figure 8c and 8d). Of these, experiments were performed to indicate that glufosfamide's cellular transport is at least partially GLUT-mediated, but no such experiments were published regarding the other two classes. No anticancer glycoconjugates that are linked to glucose at the C3 or C5 positions have been reported to date.
The hydroxyl groups of glucose at C2, C4, and C6 are not implicated in hydrogen bonding interactions with the GLUT-1 transporter and thus addition of bulk to these positions may be tolerated. As previously discussed, 2-18 F-fluoro-2-deoxyglucose ( 18 F-FDG) is a widely established clinical tool that is a substrate for GLUT-1 and GLUT-3 transporters [82] , and 2-NBDG, in which the C2 hydroxyl is replaced by nitrogen and a bulky aromatic system, is a widely used fluorescent glucose bioprobe which has been shown to be taken into cells via GLUT transporters [83, 84] . Of the anticancer glucose conjugates discussed above, glucoseconjugated paclitaxel (Figure 4b ) and 2-amino-2-deoxyglucose-conjugated adriamycin (Figure 8g ) contain a C2 linkage and have been experimentally shown to enter cells via a GLUT-mediated mechanism [53, 69] .
Some substituents at C4 of glucose, such as 4-O-propyl-D-glucose and cellobiose (the disaccharide consisting of 2 glucose molecules connected via a 1 4 ether linkage), have been shown to have minimal difference compared to D-glucose on K i in competition; however, lactose, in which glucose is conjugated via C4 to galactose, is not a substrate for GLUT-1 [79] . No anticancer glucose conjugates containing linkages at C4 have been reported to date.
Substituents at C6 of glucose have been reported to be comparable or slightly weaker substrates for GLUT-1 than unsubstituted glucose. 6-deoxy-D-glucose retains the same K i value as D-glucose, while 6-deoxy-6-fluoro-D-glucose has five times higher inhibitory potential in competition studies than D-glucose [79] . Several reported anticancer glucose conjugates linked at C6 have been reported to date, including glucose-conjugated chlorambucil (Figure 7a ), glucose-conjugated methane sulfonate (Figure 7b) , and glucoseconjugated azomycin (Figure 8b ), all three of which have been implicated as GLUT substrates through experimental evidence.
Importantly, although glucose-conjugated anticancer drugs have been in the literature for nearly 20 years, there has been no systematic study on the position of substitution for any given anticancer glycoconjugate.
(b) Are monosaccharides besides glucose efficient substrates for transport through GLUT-1?
As discussed above, currently explored glycoconjugates that have been demonstrated to be transported through the GLUT-1 receptor are limited to substituted glucose conjugates. Neoglycosides -amino-modified sugars -as well as peracetylated glucose conjugates, have been postulated to be taken up via GLUTs [60] , but mechanistic studies have yet to be reported. However, it is known that other sugars besides D-glucose can be substrates for GLUT transporters, and thus can be considered candidates for a GLUT-targeting approach. Specifically, using light diffraction measurement in human erythrocytes that express GLUT-1 as their sole glucose transporter, 2-deoxy-D-glucose, D-mannose, D-galactose, Dmannose, D-xylose, 2-deoxy-D-galactose, L-arabinose, D-ribose, D-fucose, and D-lyxose, in order of decreasing affinity, were all found to be transported into cells in a transportermediated fashion. In contrast, D-arabinose, L-fucose, and L-rhammose were poor substrates, and the enantiomers of several GLUT substrates, L-glucose and L-xylose, were not GLUT substrates [85] . Thus, it seems that many sugars can be conjugated to anticancer agents to take advantage of GLUT-mediated cellular entry; the choice of which sugar to utilize may depend on the desired cleavage mechanism of the compound. For instance, D-galactose, the C4 epimer of glucose, has been reported to possess an equivalent affinity and uptake rate by GLUT-1 compared to glucose [86] . Galactose-conjugated drugs may be used to selectively target certain types of cancers known to highly express galactosidase enzymes, such as breast and colon cancers [87] . In the absence of substantial tumor galactosidase expression, galactose-conjugated prodrugs can be used in conjunction with tumor-selective monoclonal antibodies linked to galactosidases, which ideally cleave the inactive conjugate to its active form in tumor tissue [86] .
(c) How can glycoconjugates be validated in vitro and in vivo?
This review has highlighted the glycoconjugates that have been most thoroughly mechanistically evaluated, to serve as a model for medicinal chemists and chemical biologists in their development of glycoconjugated drugs. Glycoconjugation is an exciting cancer targeting strategy, but caution must be taken before claiming that a glycoconjugate is cancer-selective and cancer-targeted. The following represent important questions that should be examined in the development of glycoconjugates, as well as guidelines for how to answer these questions based on previous work. Ideally, all assays should compare both the glycoconjugate and its aglycone in parallel.
Is entry of the glycoconjugate GLUT receptor-mediated?-A crucial mechanistic question in the development of glycoconjugates is whether their cellular entry is at least partially GLUT-mediated. There are many ways to address this question, and ideally any conjugate would be evaluated with multiple methods. To examine entry via GLUT-1, the transporter most commonly upregulated in cancer, human erythrocytes are a common model system since GLUT-1 is the only glucose transporter expressed in this cell type. Historically, competition with radiolabeled glucose [79] and changes in erythrocyte volume [85, 88] have been used in this model system.
A second approach is to compare the entry or efficacy of the glycoconjugate in the presence of a GLUT transporter inhibitor, either in erythrocytes or in a cultured cell line. A number of natural products have been demonstrated to inhibit GLUT transporters in all cell types, including the botanical phloretin (a GLUT-1 inhibitor [49] ) and the fungally-produced cytochalasin B (a pan-GLUT transporter inhibitor [89, 90] ). More recently, GLUT inhibitors have been discovered through screening and design studies, such as the GLUT-1 inhibitor fasentin [91] and the GLUT-1 inhibitor WZB117 [92] . Assays have been developed to determine whether glycoconjugate cellular entry and activity is lost when cells are co-treated with these inhibitors [53] . The general caveat to using GLUT inhibitors is that it may be difficult to meter the extent of the inhibitor's interference with GLUT versus its off-target, potentially cytotoxic effects. Cytochalasin B is known to be relatively toxic with several reported targets, including actin [93] . However, newly-developed inhibitors may be more selective.
A third method to probe glycoconjugates' mode of entry is to stably knock down or knock out GLUT expression. Both of these approaches were employed in a recent study by Anderson and colleagues [94] . In examining the entry of 3 H-2-deoxyglucose into cells, it was reported that shRNA-mediated GLUT-1 knockdown in a murine cell line which expressed GLUT-1 as its predominant GLUT transporter led to only a 25% reduction in 3 H-2-deoxyglucose entry compared to control shRNA cells [94] , presumably due to an increase in expression of other GLUT transporters to allow knockdown cells to survive in culture. Anderson and colleagues also generated a GLUT-1 knockout cell line from a GLUT-1 knockout mouse; these cells showed close to a 50% reduction in entry of 3 H-2-deoxyglucose compared to control cells [94] . If a GLUT-1 knockout cell line becomes widely available, evaluation of glycoconjugates' entry, efficacy, and potency in such a cell line may become a valuable metric. Incidentally, humans born with a mutated, functionallyimpaired GLUT-1 transporter experience a severe phenotype known as De Vivo disease which results in mental retardation, seizures, and a host of neurological deficits, underscoring the importance of GLUT-1 in supplying glucose to the nervous system [95] . To date, no live births of humans with a completely nonfunctional GLUT-1 transporter have been reported, so efforts to generate a human GLUT-1 knockout cell line must be relegated to the research laboratory.
A fourth approach is the use of fluorescently-labeled glucose bioprobes, as reviewed recently [96] . 2-NBDG [83, 84] (Figure 10 ) is perhaps the most well-known member of this class, but a growing interest in this area in recent years has led to the development of many new fluorescent probes which offer increased emission, slower photobleaching, and increased depth penetration to allow for imaging in vivo [96] [97] [98] . Competition assays can be conducted between glycoconjugates and these fluorescent probes, to determine whether increasing concentrations of glycoconjugate cause decreasing fluorescence in cells, using flow cytometry or fluorescent microscopy as a readout.
Is the glycoconjugate directly able to inhibit its target, or is cleavage required?-Evaluation of a glycoconjugate should begin by discerning whether or not the glycoconjugate retains the activity of its aglycone, using appropriate kinetic evaluation for an enzyme, surface plasmon resonance (SPR) or isothermal titration calorimetry (ITC) for binding assessment, or another comparable technique depending on the aglycone's target. If the glycoconjugate is no longer active against the target and instead is a prodrug, its cleavage to its aglycone in cells or in vivo needs to be examined. For instance, chromatographic techniques can be used to detect the aglycone in cell lysate following treatment with the glycoconjugate, and serum stability or liver microsome analyses may be useful for discerning whether cleavage is likely to occur in vivo. If the glycoconjugate does not appear to be cleaved and no longer retains activity against its target, then the identity of its new target or targets should be examined using various biochemical and molecular biological approaches. Alternately, derivatives that are more likely to be cleaved in cells or in vivo can be synthesized and assessed.
What considerations should be taken for in vivo testing of glycoconjugates? -In vivo testing is a crucial proving ground for glycoconjugates. The extensive in vivo studies of glufosfamide in mice and rats should serve as a template for the testing of future drug conjugates. Particularly, it is important to establish whether the glycoconjugate is serum-stable and to discern its primary modes of metabolism and excretion. It is also critical to determine if the glycoconjugate is preferentially targeted to tumor tissue in animal models, to validate the hypothesis of glucose enabling preferential drug targeted to cancerous tissues. This might be accomplished by isotope labeling of the drug prior to administration, and whole-animal radiography following administration, as in the glufosfamide evaluation [35] . Appending a fluorophore to the glycoconjugate, such as a near-infared-emitting fluorophore to provide capability for in vivo imaging [99] , may be useful, but only if this new construct is demonstrated to still be taken up by GLUT transporters using the molecular biology methods discussed above.
It is important to assess whether a glycoconjugate has off-target hematological or neurological adverse events, given that GLUT-1 is normally expressed in erythrocytes and in the endothelial cells of the blood-brain barrier. Human, but not mouse or rat, studies of glufosfamide demonstrated anemia due to hemolysis as a common adverse event [43] ; for future glycoconjugates, hemolysis should be queried using in vitro assays before the initiation of studies in humans or other large mammals. Encouragingly, neurotoxicity has not been observed in the in vivo evaluation of any glycoconjugate to date; still, all future glycoconjugates should be evaluated for potential neurological adverse events.
Another potential off-target effect of glycoconjugated drugs is their uptake by healthy tissues expressing GLUT receptors other than GLUT-1. There are at least 12 classes of GLUT transporters (both insulin-dependent and -independent) which transport glucose or hexoses alone, as well as several in which the transport of glucose is coupled with sodium, as detailed by Medina [5] . While it is conceivable that these transporters expressed in normal tissues may also take up a glycoconjugate, the strongest evidence favoring the preferential targeting of a glycoconjugate to a tumor is the large body of work on 18 F-FDG preferentially being localized to tumors, as evidenced in Figure 1 . Most glycoconjugated drugs presented in this review have not been subjected to imaging studies to precisely localize the drug's distribution in a whole organism or whole tumor-bearing organism. Conducting such an experiment, such as the rat imaging study reported by Wiessler with glufosfamide [35] , would be useful, though caution should be taken in labeling the compound in such a way to not alter its ability to be taken up by GLUT transporters.
Outlook on this emerging field
Glycoconjugation generally offers improved water solubility and stability and, if the glycoside of choice is a GLUT substrate, the potential for selective targeting to cancer cells. Substantial strides in the field of glycoconjugation have been made, reaching as far as late stage human clinical trials. This field has a great deal of potential and tremendous opportunity for growth, but rigorous mechanistic testing at each stage of the drug development process, and carefully controlled, head-to-head experiments are required to determine the true utility of this strategy. Positron emission tomography (PET) imaging using the radiolabeled glucose analog 18 F-FDG is a widely used clinical tool for the diagnosis and staging of many types of cancer. a) In a healthy patient, 18 F-FDG will be taken up only by tissues that constitutively consume glucose, such as the brain and bladder (grey). In a cancer patient, tumor cells will preferentially uptake 18 F-FDG, allowing clinicians to identify sites of tumors and metastases (red), as well as stage cancer and monitor response to treatment. b) 18 F-FDG PET scan of a patient with metastatic Hodgkin's lymphoma. c) 18 F-FDG PET scan of a patient with metastatic breast cancer. (Figure 1b Glufosfamide: 1--D-glucose-conjugated ifosfamide mustard Structure-activity relationship of D-glucose as a substrate for the GLUT-1 transporter. Substitutions at C1, C2, and C6 have been most explored to date, demonstrating that some substitutions can be made with the resulting conjugate retaining affinity for GLUT-1. Substitutions at C3 and C4 require further study; to date, no C3-or C4-glucose-conjugated anticancer compounds have been reported. Structure of the fluorescent glucose bioprobe 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG).
